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Electron beam and optical depth profiling of thick ~5.5–64 mm! quasibulk n-type GaN samples,
grown by hydride vapor-phase epitaxy, were carried out using electron beam induced current
~EBIC!, microphotoluminescence ~PL!, and transmission electron microscopy ~TEM!. The minority
carrier diffusion length, L, was found to increase linearly from 0.25 mm, at a distance of about 5 mm
from the GaN/sapphire interface, to 0.63 mm at the GaN surface, for a 36-mm-thick sample. The
increase in L was accompanied by a corresponding increase in PL band-to-band radiative transition
intensity as a function of distance from the GaN/sapphire interface. We attribute the latter changes
in PL intensity and minority carrier diffusion length to a reduced carrier mobility and lifetime at the
interface, due to scattering at threading dislocations. The results of EBIC and PL measurements are
in good agreement with the values for dislocation density obtained using TEM. © 2000 American
Institute of Physics. @S0003-6951~00!00643-4#
As the III–V nitride technology becomes more and more
mature, the necessity for a homoepitaxial substrate for
nitride-based device development has become apparent. Ho-
moepitaxial growth of GaN has proven its tremendous po-
tential to achieve superior material quality resulting in ex-
tremely narrow photoluminescence linewidths1 and a
reduction of the dislocation density by six orders of magni-
tude. These material qualities can only be attained by using a
substrate which is identical in crystal structure, lattice param-
eter, and thermal expansion coefficient. Due to limitations of
the bulk-growth techniques at very high pressure ~;15 kbar!,
a number of researchers have pursued hydride vapor-phase
epitaxy ~HVPE! as a quasibulk technique for the growth of
thick ~>20 mm!, large-area substrates or buffers.2,3 The thick
layer growth is facilitated by the high growth rates ~;1 mm/
min! and near-equilibrium nature of the process, which can
be exploited to generate low-defect material. This letter re-
ports on the correlation between optical and transport prop-
erties of thick HVPE quasibulk n-GaN samples with their
microstructure.
The samples under investigation were grown at the MIT
Lincoln Laboratory. The details of HVPE growth are re-
ported elsewhere.2 Several different samples ;5.5, 36, 55,
and 64 mm thick were used in our research. Room-
temperature Hall measurements showed n-type electrical
conductivity for these samples, with electron concentrations
~at the surface! ranging from 831016 to 1.231017 cm23, and
mobilities of 580–750 cm2/V s, respectively. However, each
sample had a thin ~;200 nm!, conductive interface layer
with an electron concentration of mid-1019 cm23 and a mo-
bility of about 50 cm2/V s. This interface layer greatly af-
fected the overall electrical properties, and is discussed in
more detail elsewhere.4
Electron beam induced current ~EBIC! measurements
were carried out in situ in a scanning electron microscope
~SEM! JEOL 6400F. The accelerating voltage, used in these
measurements, was varied from 10 to 20 kV. This corre-
sponds to an electron range, R, of 0.36–1.20 mm,
respectively.5 After cleavage, vertical gold ~Au! stripes
~Schottky barriers! of different sizes were formed on one of
the edges of the samples by Au evaporation and subsequent
lift off. The minority hole diffusion length, L, was derived
from the line-scan EBIC measurements.6 The measurements
were carried out at variable distance, d, from the GaN/
sapphire interface. In these measurements the electron beam
~positioned perpendicular to the sample edge! was moved
from the vertical wall of the Au/n-GaN Schottky barrier to-
ward another Au contact. L can be obtained from the EBIC
decay versus distance from the edge of the Schottky contact
~for distances.2L!. We reported the details of the diffusion
length extraction in Ref. 6. There was no need for sample
thickness correction in the L measurements, since the
a!Electronic mail: chernyak@physics.ucf.edu
b!Also at: Institute for Experimental Physics, Warsaw University, 00-
681 Warsaw, Poland.
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samples were considered as bulk material (thickness@4L).7
There were no EBIC resolution limitations as well, since the
ratio R/L<4.8
Micro-PL profiling across thick GaN samples was per-
formed in situ in the microphotoluminescence setup. The
micro-PL measurements were carried out using a 4 ns pulse
337 nm nitrogen laser with a power of ,100 mJ/pulse. The
laser beam, focused in a 1.5-mm-diam spot, allowed micro-
probing of a region comparable to that studied by the EBIC
technique ~electron beam line-scan length is ;4.4 mm at
325 000 magnification!. A translation stage with 0.5 mm
step resolution was used for laser beam positioning at the
predetermined distance from the GaN/sapphire interface.
Transmission electron microscopy ~TEM! was applied to
determine a depth profile distribution of threading disloca-
tions present in the HVPE GaN layers. Several layers, with
thicknesses of either ;5.5 or ;55 mm, were chosen for this
study. Both cross-sectional and plan-view TEM specimens
were prepared by a standard method of mechanical prethin-
ning followed by Ar-ion milling down to electron transpar-
ency. Plan-view samples were thinned from the substrate
such that the region near the top surface of each layer could
be examined. TEM studies were carried out using TOPCON
002B and JEOL 200CX microscope, operated at 200 kV.
Bright field TEM images, recorded under multibeam condi-
tions ~in order to image all dislocations with different Bur-
gers vectors!, were used to estimate a density of dislocations.
The open squares in Fig. 1 represent the experimental
dependence of minority carrier diffusion length on distance
from the GaN/sapphire interface for one of the samples un-
der investigation ~36 mm thick!. L increases linearly from
;0.25 mm at the GaN/sapphire interface up to ;0.63 mm at
the surface. This increase is in agreement with the average
space between dislocations, calculated from the experimen-
tally determined dislocation densities using TEM, and shown
in Fig. 2. The dislocation density was measured for each
sample under investigation at a few distances from the GaN/
sapphire interface. In such a way the experimental depen-
dence, presented in Fig. 2, was obtained.
Comparing the dislocation densities in Fig. 2 with the L
vs d dependence in Fig. 1, one can conclude that a decrease
in minority carrier diffusion length toward the GaN/sapphire
interface is related to an increase of dislocation density. The
minority carrier diffusion length at a certain distance from
the interface, therefore, can be related to the spacing between
two adjacent dislocations. For example, L50.63 mm at a dis-
tance of 32 mm from the GaN/sapphire interface ~cf. Fig. 1!.
From Fig. 2, the average spacing between two adjacent dis-
locations at this distance is ;0.69 mm. Similarly, L
50.25 mm at a distance of ;8 mm from the GaN/sapphire
interface, while the spacing between two adjacent disloca-
tions at this distance is ;0.35 mm. Hence, it is likely that the
minority carrier diffusion length is determined by carrier re-
combination on the adjacent threading dislocations.
The hole diffusion length in n-GaN may decrease due to
a decrease in lifetime, t, and/or diffusivity ~mobility!. That is
L5ADt , ~1!
and the diffusivity, D, and mobility, mp , are related via the
Einstein equation.
The calculation of hole mobility, mp , is a difficult prob-
lem in any semiconductor material because of the degenerate
valence bands. However, to get a rough estimate of mp ver-
sus dislocation density, we simply assumed a single valence
band, with an associated hole effective mass of 2.0m0 , and
then followed the treatment of Ref. 9. The results are pre-
sented in the inset of Fig. 1. Note that the value of mobility
at low dislocation densities, ;150 cm2/V s, is much higher
than that found in most p-type GaN samples. However, such
samples are usually heavily doped ~with Mg!, and heavily
compensated ~probably with the N vacancy!, and thus may
be expected to produce a much lower mobility than that cal-
culated for the excellent n-type GaN studied here.
FIG. 1. Experimental minority hole diffusion length dependence ~open
squares! on the distance, d, from the n-GaN/sapphire interface, measured for
a 36-mm-thick sample. The solid line shows a fit. The open circles show the
calculated values of minority hole lifetime, t, using Eq. ~1!. The dashed line
represents a second-order polynomial fit @cf. Eq. ~1!#. Inset: Theoretical
minority hole mobility dependence on dislocation density.
FIG. 2. Experimental dependence of threading dislocation density vs dis-
tance from the GaN/sapphire interface ~open circles!. The measurement er-
ror range is illustrated by the horizontal bars. The dashed line represents the
fit. Also shown is average dislocation spacing ~closed circles!, calculated
from the experimentally determined dislocation density. The linear fit is
shown by the solid line.
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We also found experimental evidence for the depen-
dence of t on d. Figure 3 shows PL spectra measured as a
function of distance from the GaN/sapphire interface for a
64-mm-thick sample. One can see from Fig. 3 that the inten-
sity of the room temperature band-to-band transition de-
creases as the probe moves closer to the GaN/sapphire inter-
face. Since the PL intensity is proportional to the carrier
lifetime,10 we conclude that the latter parameter decreases at
lower values of d.
Using Eq. ~1!, we can now find the minority hole life-
time dependence on distance from the GaN/sapphire inter-
face, based on the experimental dependence of L vs d ~cf.
Fig. 1! and mp vs dislocation density ~cf. inset of Fig. 1!. The
calculated values of t vs d are also presented in Fig. 1. To
find the dislocation density corresponding to a certain dis-
tance from the GaN/sapphire interface, at which the L mea-
surements were carried out, we used the dislocation density
versus d data, presented in Fig. 2. Since L depends linearly
on d and on the square root of t @cf. Eq. ~1!#, a quadratic fit
for t vs d is understandable ~see the dashed line in Fig. 1!.
We note the values of t, calculated in this work, are in agree-
ment with the minority carrier lifetimes ~1.4–2.3 ns!, probed
in InGaN/GaN quantum well, in situ in SEM, using time
resolved cathodoluminescence.11
In summary, the minority hole diffusion length in thick
HVPE-grown GaN samples has been measured as a function
of distance from the GaN/sapphire interface. We found a
linear increase of L with increasing distance, which is in
good agreement with an increase of the average distance be-
tween dislocations. We attribute the low values of minority
carrier diffusion length at the GaN/sapphire interface to car-
rier recombination on the threading dislocations. This inter-
pretation is reasonable, since the L values are comparable to
the adjacent dislocation spacing. The minority hole lifetime
dependence as a function of sample thickness was calculated
based on the experimentally measured L values and the cal-
culated mobility dependence on dislocation density.
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FIG. 3. Microphotoluminescence spectra measured across a 64-mm-thick
sample using a 337 nm 4 ns pulse nitrogen laser beam, focused down to
;1.5 mm. Spectrum 1 was measured at the sample surface, while spectrum
5 was measured at the GaN/sapphire interface.
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